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Abstract. We investigate the physical processes associated
with volcanic tremor and explosions. A volcano is a com-
plex system where a ﬂuid source interacts with the solid ed-
iﬁce so generating seismic waves in a regime of low tur-
bulence. Although the complex behavior escapes a simple
universal description, the phases of activity generate stable
(self-sustained) oscillations that can be described as a non-
linear dynamical system of low dimensionality. So, the sys-
tem requires to be investigated with non-linear methods able
to individuate, decompose, and extract the main characteris-
tics of the phenomenon. Independent Component Analysis
(ICA), an entropy-based technique is a good candidate for
this purpose. Here, we review the results of ICA applied to
seismic signals acquired in some volcanic areas. We empha-
size analogies and differences among the self-oscillations in-
dividuated in three cases: Stromboli (Italy), Erebus (Antarc-
tica) and Volc´ an de Colima (Mexico). The waveforms of the
extracted independent components are speciﬁc for each vol-
cano, whereas the similarity can be ascribed to a very gen-
eral common source mechanism involving the interaction be-
tween gas/magma ﬂow and solid structures (the volcanic ed-
iﬁce). Indeed, chocking phenomena or inhomogeneities in
the volcanic cavity can play the same role in generating self-
oscillations as the languid and the reed do in musical instru-
ments. The understanding of these background oscillations
is relevant not only for explaining the volcanic source pro-
cess and to make a forecast into the future, but sheds light on
the physics of complex systems developing low turbulence.
Correspondence to: M. Falanga
(rosfal@sa.infn.it)
1 Introduction
The ultimate goal in Volcanology is to forecast eruptions.
Since at least three decades, the rising number of observed
phenomena associated with eruptions led many scientists to
believe that it could be possible to obtain a simple set of
empirical relationships suitable for this purpose. This opti-
mistic goal vanished because of the complexity of the phys-
ical framework that has not a well deﬁned theoretical de-
scription yet. Indeed, volcanoes can be schematized as ﬂuid-
dynamical systems developing turbulence, characterized by
a complex thermodynamic behavior, whose activity is, from
a seismological point of view, readable in the interaction of
ﬂow (sources) with the solid ediﬁce. This is surely true for
both basaltic and andesitic volcanoes in the stationary regime
and in the paroxysmal phase. Moreover, even simple phe-
nomenological aspects cannot be reproduced in laboratory
experiments because of the complexity which involves many
time and spatial length scales.
Despite this, “collective” phenomena occur, such as vol-
canic tremor, long period (LP) seismicity, and explosion-
quakes which often precede, accompany and follow the
eruptive process. The ﬂuid-dynamical system that operates
within the magmatic plumbing system has in general in-
ﬁnitely many degrees of freedom. Nevertheless, the phases
of volcanic activity (tremor and explosion) we analyze gen-
erate globally organized stable oscillations that can be de-
scribed by representative degrees of freedom at a coarse-
grained level. In other words, the physical processes caus-
ing the seismic waves in an active volcano are related to the
ﬂuidﬂows whichinduceself-sustainedoscillations (i.e., seis-
micity) in the conduit’s wall if there is a suitable impinge-
ment geometry and, at low Reynolds numbers, the convec-
tive scales match the viscous ones (Villermaux and Hopﬁn-
ger, 1994; Maurel et al., 1996; De Lauro et al., 2008). Sev-
eral mechanisms for tremor generation have been proposed
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including bubble growth or collapse, jerky crack propaga-
tion, oscillations of magma chambers, resonance of ﬂuid-
ﬁlled cracks and ﬂow-induced oscillations of conduits (Mc-
Nutt, 2005). The explosions are due to the formation and as-
cent of slugs within the shallow plumbing system by means
of the coalescence of diffusing bubbles (Chouet et al., 2003;
Bottiglieri et al., 2005).
Due to the complexity of the phenomena governing vol-
canic activity, non-linear models seem to be more ade-
quate to describe the volcano’s dynamics. Speciﬁcally, non-
linear processes similar to those producing self-oscillations
in string and wind instruments such as violins and organ
pipes have been invoked (Woodhouse, 1996; De Lauro et
al., 2007) to explain the generation of volcanic signals. Ju-
lian (1994) proposed ﬂow-induced non-linear oscillations in
channels transporting volcanic ﬂuids as a possible gener-
ating mechanism for sustained tremor as well as transient
signals. According to that model, the oscillations are sus-
tained by a cyclic feedback, which is caused by variations
in the ﬂow speed and pressure. Balmforth et al. (2005) ex-
tended the ﬂow-induced non-linear oscillations model of Ju-
lian by including the dynamical behaviour of the ﬂuid and
the elasticity of the conduit’s walls. Similar non-linear mod-
els were also developed for more complex ﬂuids such as liq-
uid/gas two-phase ﬂows (Fujita et al., 2004; Iwamura and
Kaneshima, 2005). Recently, De Lauro et al. (2009c) in-
troduced a non-linear model based on the Andronov’s oscil-
lator (Andronov et al., 1966), suitable to describe the self-
sustained vibrations of resonant structures, in terms of clus-
ters of non-linearly excited classical oscillators.
However, the understanding of the source mechanisms
causing the ground oscillations and the characteristics of the
resulting signals has to be recovered from the experimen-
tal data, facing a typical inverse problem. The complexity
of the topographic volcanic structure generally reﬂects into
the high-frequency seismic waveﬁeld (>0.5Hz), making the
investigation of its properties very hard. Indeed, the pres-
ence of heterogeneities can affect the recorded signals, which
might display low spatial coherence and site dependence.
Methods based on the concepts of complexity, statistics, and
ergodicity are exploited to extract the relevant properties of
the source mechanism re-conducting the complexity of the
waveforms to simpler and smooth signals, whose suitable
combinations rebuild the original recordings. A non-linear
approach is required because linear analysis is not a good
indicator of the behavior of non-linear systems. There are
many methods used for this aim, and Independent Compo-
nent Analysis (ICA) represents a particularly powerful one.
ICA performs a blind separation of statistically indepen-
dent signals adopting the intuitive notion of maximum non-
Gaussianity. This is achieved involving fourth-order statis-
tics techniques prone to detect nonlinearity.
We review the results achieved by applying ICA to seis-
mic signals recorded at different volcanoes (basaltic and an-
desitic), critically individuating in their complex behaviour
the basic elements that can lead to a simple universal de-
scription of the volcano activity. We organize the paper ﬁrst
illustrating the ICA method, then showing its application to
observed seismic signals recorded at three different volca-
noes: Stromboli (Italy), Erebus (Antarctica) and Volc´ an de
Colima (Mexico). Finally, the main conclusions are summa-
rized.
2 Independent component analysis
The complexity of the seismic signals recorded in volcanic
areas requires to be investigated in a time-domain approach,
which is appropriate for retrieving non-linearity. Indeed,
there are physical systems with very similar Fourier trans-
form but which have completely different in waveforms (see,
e.g. De Lauro et al., 2005b). There exist many techniques de-
veloped for quantitatively characterizing the complexity of a
dynamical system from a given ﬁnite set of (noisy) measure-
ments. Certain methods are computationally less demanding
but statistically suboptimal in many situations, while statis-
tically optimal methods can have a very high computational
demand or cannot be realized in many practical situations.
Then, the choice of a suitable estimation method mainly de-
pends on the assumed data model, which may be either lin-
ear or non-linear, dynamic or static, random or deterministic.
Corresponding methods include Principal Component Anal-
ysis (PCA), Singular Value Decomposition (SVD) (see, e.g.
Hyv¨ ainen et al., 2001; Wall et al., 2003) and methods de-
rived from previous ones such as Singular Spectrum Analy-
sis (SSA) for univariate data and its multivariate extension
Multi-channel SSA (MSSA) (see, e.g. Elsner and Tsonis,
1996). We remind that PCA transforms a number of (pos-
sibly) correlated variables into a (smaller) set of uncorrelated
variables called principal components. Indeed, it projects the
high-dimensional data onto a new coordinate system with
fewer dimensions. The largest fraction of variance of the
original data is taken care of by the ﬁrst coordinate or princi-
pal component and each succeeding component accounts for
as much of the remaining variability as possible (Hyv¨ arinen
et al., 2001). The idea of SSA relies on elementary linear
algebra: a basic understanding of concepts such as matrix-
vector products, eigenvalues and eigenvectors is hence nec-
essary. In other words, it takes into account the information
contained in the covariance matrix. MSSA, a combination of
SSA and PCA also takes cross-correlations into account.
While the previously described methods are based on
second-order statistics (covariances), the intuitive notion
of maximum non-Gaussianity is used in ICA involving
higher-order statistics. Speciﬁcally, ICA is an entropy-
based technique, introduced in the early 1980s in a neu-
rophysiological setting (H´ erault and Ans, 1984), to sepa-
rate mixtures of signals (for more details, see Hyv¨ ainen
et al. (2001) and many papers cited therein). The central
idea is to the ﬁnd underlying components from multivariate
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(multidimensional) statistical data on the basis of their sta-
tistical independence evaluated by using 4th-order statistical
properties.
Let us explain in brief the mathematical setting on which
ICA is based. We suppose to have m different time series x
that we hypothesize to be the linear superposition of n mu-
tually independent unknown signals s. The mixing is repre-
sented by a constant unknown matrix A. This mixing is es-
sentially due to path, noise, instrumental transfer functions,
etc. The hypothesis is to have linear mixtures of some inde-
pendent dynamical systems. If the mixing has to be linear,
nothing is assumed with respect to the component signals,
which can be generated by linear or non-linear dynamical
systems (such as a harmonic oscillator or Van der Pol oscil-
lator). We assume an instantaneous mixing model, thus we
neglect any time delay that may occur in the mixing. For-
mally, the mixing model is written as
x=
n X
j=1
aijsj +ν, (1)
where x is an observed m-dimensional vector, and s is an
n-dimensional random vector to be estimated whose compo-
nents are assumed to be mutually independent. A is a con-
stant m×n matrix to be estimated. The additive noise term
ν is, generally, incorporated in the sum as one of the source
signals. Supposing that the number of sources is equal to the
number of mixtures, the aim of ICA is to obtain a separating
matrix W=A−1 in such a way that the vector y=Wx is an
estimate y∼s of the original independent signals.
The basic ICA model requires the following assumptions: all
the independent components (ICs), with the possible excep-
tion of one of them, must be non-Gaussian; the number of
the observed linear mixtures must be at least as large as the
number of independent components; the matrix A must be of
full column rank.
ICA is a statistical model based on the central limit theo-
rem, which establishes that the distribution of a sum of in-
dependent random variables tends under certain conditions
towards a Gaussian distribution. Hence, the main idea of
the ICA model is to maximize the non-Gaussianity (super-
Gaussianity or sub-Gaussianity) to extract the independent
components.
Some heuristic approaches have been proposed in the lit-
erature to achieve the separation. Among them, a good mea-
sure of independence is given by the negentropy J(z). It
relays upon the information-theoretic quantity of differential
entropy H of a random vector and is deﬁned as follows:
J(z)=H(zgauss)−H(z), (2)
where z is a random variable and zgauss is a Gaussian ran-
dom variable with the same covariance matrix as z. The es-
timation of the negentropy is difﬁcult and, in practice, some
approximations must be introduced (Hyv¨ arinen et al., 2001).
These approximations involve the estimate of 4th-order sta-
tistical moments.
In our case, the implementation of ICA is achieved by
means of the ﬁxed-point algorithm, referred to as FastICA.
This algorithm contributed to the application of ICA to a va-
riety of phenomena due to its computational efﬁciency.
Rigorously, this algorithm is based on an approximating
Newton iteration scheme. The FastICA learning rule ﬁnds
a direction, i.e. a unit vector w such that the projection
wTx maximizes the non-Gaussianity of the single estimated
source y. The non-Gaussianity is here measured by the ap-
proximation of the negentropy given by
JG(w)=[E{G(wTx)}−E{G(ν)}]2, (3)
where G is a suitable non-quadratic function, w is an m-
dimensional (weight) vector, x represents our mixture of sig-
nals, and E{(wTx)2}=1, ν is a standardized Gaussian ran-
domvariable. MaximizingJG allowstoﬁndoneindependent
component. This algorithm requires a preliminary whitening
of the data, which consists of obtaining new mixtures (v),
which are uncorrelated and have unit variance. Whitening is
accomplished by PCA.
The one-unit ﬁxed-point algorithm for ﬁnding the weight w
is (Hyv¨ arinen et al., 2001):
w∗ = E[vg(wT
i v)]−E[g0(wT
i v)]wi
wi = w∗
i /kw∗
i k, (4)
where g(·) is a suitable non-linearity, in our case g(y) =
tanh(y), and g0(y) is its derivative with respect to y. The
algorithm of the previous equations estimates just one of the
ICs. To estimate several independent components, we need
to run the one-unit FastICA algorithm using several units
(e.g. neurons) with weight vectors w1,...,wn. To prevent
different vectors from converging to the same maximum we
must decorrelate the outputs wT
1 x,...,wT
nx after each iter-
ation. In speciﬁc applications it may be desired to use a
symmetric decorrelation, in which vectors are not privileged
over the others. This can be accomplished by the classi-
cal method involving matrix square roots. The main advan-
tages of the FastICA algorithm is that its convergence is very
fast (cubic or at least quadratic) and that the adopted con-
trast function has good statistical properties, such as robust-
ness. FastICA being a heuristically-based implementation of
ICA does not require “a priori” additional assumptions (such
as, e.g. sparseness of spectral signals, assumptions of non-
negativity of the source signals) about the pure components.
There are other approaches based on similar ideas as ICA,
such as least-dependent component analysis (MILCA algo-
rithm, St¨ ogbauer et al., 2004) or non-Gaussian component
analysis (SNICA algorithm, Kawanabe et al., 2007). They
use a Mutual Information (MI) estimator instead of non-
Gaussianity to ﬁnd the least dependent components under a
linear transformation.
It is important to underline that ICA with the FastICA al-
gorithm is very efﬁcient to extract self-oscillations and peri-
odic signals from noise or non-linear mixtures up to an am-
plitude ratio smaller than three order of magnitude, making
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it a powerful tool in the case of volcanic signals (De Lauro
et al., 2005b). We remark that ICA has already been suc-
cessfully applied to a variety of experimental signals from
biology to geophysics (see e.g. Fiori, 2003). For example,
ICA has been recently applied by Orihara et al. (2009) to
distinguish seismic electric signals (SES) – which are low-
frequency electric signals preceding earthquakes originally
found in Greece (see Varotsos and Alexopoulos, 1984a, b) –
from artiﬁcial noise. For the volcanic-seismic swarm activity
in 2000 in the Izu Island region in Japan (Uyeda et al., 2009)
analyzed in natural time (which is a new time domain intro-
duced in Varotsos et al., 2002), the seismicity subsequent to
the SES recorded and identiﬁed the occurrence time of the
ﬁrst major earthquake (magnitude class 6 on 1 July 2000)
with an accuracy of a few days, in agreement with the pro-
cedure suggested by Varotsos et al. (2006). More recently,
a convolutive extension of ICA has been applied to the de-
tection of long-period events at the Campi Flegrei volcano
(Italy) (see, Ciaramella et al., 2011). Very interesting results
of ICA applications were also obtained for the acoustical and
mechanical vibrational ﬁelds in an organ pipe (De Lauro et
al., 2007) or the optical depth and aerosol index in atmo-
sphere (De Martino et al., 2002a; Cuomo et al., 2009). Major
details of the application of this technique to dynamical sys-
tems and interesting extensions of it to a non-linear model
can be found in De Lauro et al. (2005b), Lin et al. (2005),
Ciaramella et al. (2006) and Lin and Tung (2007).
Here, we critically review the results relative to three se-
lected volcanic areas deriving some constraints on the source
model. Similar studies were performed at Merapi (Cabras et
al., 2008) and Etna (Cabras et al., 2010).
The independent oscillations in seismology are often char-
acterized in terms of polarization properties. Brieﬂy, the nu-
merical estimate of the polarization vector is based on the
diagonalization of the covariance matrix of the three compo-
nents of motion. The eigenvector corresponding to the max-
imum eigenvalue deﬁnes the polarization vector described
by azimuth, dip and rectilinearity (RL) in a reference frame
deﬁned by the East-West/North-South plane and its normal
(vertical direction). This method provides in case of longitu-
dinal waves an estimate of the source localization.
3 Stromboli
Stromboli is a volcanic island of the Aeolian arc in the
Tyrrhenian Sea (Italy). This volcano rises about 924ma.s.l.,
most of the products are ejected from the craters placed on a
terrace at 700ma.s.l. It is characterized by persistent explo-
sive activity superimposed to a background volcanic tremor.
This activity is so characteristic to be named “Strombolian”
also when appearing at other volcanoes (Aster et al., 2003;
De Lauro et al., 2009a, b; Patan` e et al., 2008). Sometimes,
it is interrupted by effusive phases and/or by big explosive
Fig. 1. Map of Stromboli volcano (Italy), where the vents are
indicated by black dots (from http://www.swisseduc.ch/stromboli/
volcano/geogr/maps-en.html).
events; the last two occurred on December 2002 and Febru-
ary 2007.
The seismic waveﬁeld at Stromboli has been extensively
studied by using advanced signal processing techniques. In
particular, Del Pezzo et al. (1992), Chouet et al. (1997), and
Acernese et al. (2003, 2004) studied the composition of the
high-frequency waveﬁeld (>0.5Hz) associated with the ex-
plosion quakes. Chouet et al. (2003) investigated the seis-
micwaveﬁeldassociatedwithverylongperiodevents(VLP),
and retrieved the equivalent elastic source mechanism which
includes both moment tensor and single force components.
These authors estimated for a typical VLP event a volume
change on the order of 200m3 and a single vertical force with
a magnitude on the order of 108N. This model is compatible
with a magma movement perched above the source centroid
position, in response to the rise of a gas slug into the conduit.
More recently, De Martino et al. (2011b), studying the erup-
tive process of both the crises of 2002 and 2007, have also
found a precursor of the effusion in the tidal frequency
regime, indicating that a modiﬁcation of the local rheology
represents the ﬁrst response of the system to the departure
from a stationary regime.
Although it now appears clear that the magmatic processes
are associated with the low-frequency band (<0.4Hz), the-
highfrequencyband, generallyassociatedwiththevibrations
of the conduit, is a direct consequence of a turbulent de-
gassing, that can be considered as an epiphenomenon of the
magma dynamics. Therefore, the application of ICA intends
torecoverthesimplestoscillationsrelatedtothevibrationsof
the volcanic ediﬁce strictly connected to the source process.
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Fig. 2. Left panel: an example of seismic recordings acquired at Stromboli in 1997. Explosion-quakes are visible superposed to the
background volcanic tremor (upper panel) and in the related spectrogram (lower panel). The spectrogram was calculated using a Fast Fourier
Transform (FFT) with a sliding Hanning windowing (from De Lauro et al., 2008). Right panel: the normalized stacked power spectrum of
the seismic series shows that the energy is mainly concentrated into three distinct frequency bands (different colors regard the radial (r),
transverse (t) and vertical (v) directions of motion).
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Fig. 3. Strombolian explosion-quakes in the higher frequency band (f >0.5Hz). Left panel: PCA results. A few principal components
contain essentially all the dynamically relevant information. Right panels: ICA results. Only three components are independent with a
speciﬁc and well-deﬁned spectral content (from Acernese et al., 2004).
3.1 Spectral analysis
A map of Stromboli volcano is displayed in Fig. 1, whereas
Fig. 2 contains an example of seismogram and frequencies
involved in the seismicity recorded during a stationary phase
of the activity at Stromboli.
It can be deduced that volcanic tremor and explosion-
quakes share the same spectral content, which is mainly con-
centrated in distinct frequency bands (see Fig. 2-right panel):
the high frequency region f >0.5Hz that is the most ener-
getic band (as already described in several previous papers-
see Ciaramella et al. (2004) and references therein); the in-
termediate band 0.1<f <0.5Hz (discussed by De Lauro et
al., 2005a) and the very low frequency band < 0.1Hz (see
De Martino et al., 2005).
3.2 Application of ICA to Stromboli seismic signals
A ﬁrst application of ICA to seismic signals was performed
on explosion-quakes at Stromboli by Acernese et al. (2003,
2004). After synchronizing the seismic traces at all the sta-
tions in order to have instantaneous mixtures (the conditions
required by standard linear ICA), the authors preliminarily
applied PCA to reveal the internal structure of the data and
explain the variance in the data. As shown in the left panel of
Fig. 3, a few signiﬁcant eigenvalues emerge from this anal-
ysis suggesting a few degrees of freedom underlying the dy-
namical system. Once the dimensionality of the data has
been recognized, the authors applied ICA to check whether a
decomposition was possible.
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Fig. 4. ICA decomposition of Strombolian tremor: four independent signals are extracted with spectral content
in the following ranges: [0.1-0.5], [0.8-1.5],[2-3.5],and [4-6] Hz (from De Lauro et al. 2005a, 2008).
constituents of the signals have dimensions in the range [1-2]. Indeed, these decomposed ground
vibrations can be reproduced in time and frequency domains by very simple systems of non-linear
oscillators in the regime of self-oscillations (Konstantinou, 2002; De Lauro et al., 2008).
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scheme, the fundamental/basic signal of Stromboli is the volcanic tremor expressing the transduction
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Fig. 4. ICA decomposition of Strombolian tremor: four indepen-
dent signals are extracted with spectral content in the following
ranges: [0.1–0.5], [0.8–1.5],[2–3.5], and [4–6]Hz (from De Lauro
et al., 2005a, 2008).
In the panels on the right of Fig. 3, the results of the ap-
plication of ICA are reported. As it can be seen, ICA de-
composes the explosion-quake signals into three indepen-
dent wave packets in the time domain, corresponding to well
separated frequency bands ([0.8−1.5]Hz,[2−3.5]Hz, and
[4−6]Hz). Each band is characterized (in terms of polar-
ization analysis) by body waves with particle motion point-
ing toward the crater area, even though the highest frequency
band is affected by incoherent and signal-generated (scatter-
ing) noise (Acernese et al., 2004).
A similar decomposition was achieved for the volcanic
tremor by De Lauro et al. (2008) and is reported in Fig. 4.
They showed that the tremor is a linear superposition of four
signals, which are self-oscillations produced by the coupling
between magma-gas mixture and rock. The four signals are
characterized by frequencies in speciﬁc ratios and with a
clear radial polarization, which becomes more inﬂuenced by
scattering going to the high frequencies. The lowest band
(0.1–0.5Hz) with a characteristic peak close to 0.3Hz was
studied by De Lauro et al. (2005a, 2006) who proved that it
is the best polarized signal sometimes masked by contribu-
tions from oceanic noise.
Many authors (see, e.g. Godano and Capuano, 1999;
Carniel and Di Cecca, 1999; De Martino et al., 2002b;
De Lauro et al., 2008) have reconstructed the phase space
Fig. 5. Erebus, Ross Island (Antarctica): map of the volcano with
the location of the permanent MEVO short-period and broadband
seismic network, and the temporary PASSCAL deployments.
dynamics of explosions and tremor. They found low corre-
lation dimensions in the range of [2.5–4.5], whereas the ba-
sic constituents of the signals have dimensions in the range
[1–2]. Indeed, these decomposed ground vibrations can be
reproduced in time and frequency domains by very sim-
ple systems of non-linear oscillators in the regime of self-
oscillations (Konstantinou, 2002; De Lauro et al., 2008).
3.3 Conclusions – Stromboli
The application of ICA to Strombolian seismic signals
demonstrated that tremor and explosions display not only a
similar frequency content but also similar basic oscillations
in the time domain with the only difference in the amplitude
enhancement. In the theory of vibrating cavities, such as an
organ pipe, these ICs have been associated with the vibration
modes of the volcanic ediﬁce (De Lauro et al., 2005b). In
our case, the whole system vibrates at the fundamental fre-
quency of 0.3Hz and at the ﬁrst three higher harmonics [0.8–
1.5]Hz, [2–3.5]Hz, and[4–6]Hz. Inthisconceptualscheme,
the fundamental/basic signal of Stromboli is the volcanic
tremor expressing the transduction of continuous degassing
of the volcano into ground motion, whereas the explosion-
quakes are just an amplitude enhancement of the tremor
signal. The permanent gas ﬂux produces cavity vibrations
(tremor) only if there is a suitable impingement geometry
(asperities/disomogenities) and, at low Reynolds numbers,
the convective scales match the viscous ones (Villermaux
and Hopﬁnger, 1994; Maurel et al., 1996). The permanent
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Fig. 6. Waveform and spectrogram of the radial component of the event (27/02/05h, 23:40:24 UT) recorded at two stations located at
(a) about 700m (E1S) and (b) about 2km (CON) from the lava lake. The spectrogram was estimated by Fast Fourier Transform (FFT) with
a sliding Hanning window. It is extracted from De Lauro et al. (2009b). The 2 and 4Hz main peaks in the spectrogram are shifted in time
and the lower frequency (2Hz) precedes the higher one (4Hz) at E1S. No time delay is visible at CON. This might be related to dispersive
effects.
degassing develops in an interface layer at about one kilome-
ter depth, where suitable thermodynamic conditions of the
temperature and pressure are fulﬁlled to let magma degas.
Due to the low diffusion coefﬁcient, the gas ﬂow is conﬁned
within the interface layer, then it coalesces until buoyancy
acts. Finally, the slug ascents rapidly, producing at the sur-
face the observed explosions.
4 Erebus
Thestrato-volcanoErebus, 3794mhigh, islocatedinAntarc-
ticaatthewesternboundaryoftheWestAntarcticriftsystem,
on Ross Island (see Fig. 5). The upper part of the magmatic
system forms a lava lake with a radius of at present ﬁve me-
ters (it has varied over the years up to 15m) (Aster et al.,
2003). The activity of Erebus volcano is prevalently Strom-
bolian and several explosions per day occur due to gas slugs
of a few meters in radius, emerging at the lava lake as ob-
served by video recordings (Aster et al., 2004; Dibble et al.,
2008). Some explosions can occur also at other vents located
near the lava lake, within the Inner Crater (80m in radius)
contained in turn within the Main Crater with a radius of
250m. In the last thirty years the activity of Erebus has also
shown rare phreatic eruptions. In 1993, a strong explosion
modiﬁed the morphology of the volcanic cone: a new crater
appeared at south-west of the Inner Crater.
The regular rate of the explosive events is occasionally
broken by the occurrence of swarms of explosions (up to 900
per day). Such episodes usually last several days and may
be triggered by a slump of volcanic material (rock and ice)
falling into the lava lake (Rowe et al., 2000). Furthermore,
harmonic tremors have been episodically observed (Ruiz,
2003). They have been ascribed to volcanic degassing, or
to the breaking of large icebergs.
Most efforts have focused on studying the very long period
(VLP) signals preceding and following the explosions. VLP
signals have been associated with the magma movements in-
duced by gravity or inertial forces which follow slug ascent,
eruption and recharge of the lava lake, even if the details of
this process are not yet well known (Rowe et al., 1998; Aster
et al., 2003).
Recently, the high-frequency seismic waveﬁeld (>0.5Hz)
has been analyzed, ﬁlling a gap in the study of this volcano.
In details, De Lauro et al. (2009a) have properly decomposed
the seismic signals of Erebus by ICA, getting also informa-
tion on their source origin.
4.1 Spectral analysis
Explosion-quakes associated with the bursting of gas slugs
at the lava lake have been studied. After frequency ﬁlter-
ing the raw seismic series to discard the contributions lower
than 1Hz and isolate the high-frequency signals, De Lauro
et al. (2009b) detected more than one class of events on the
basis of cross-correlation analysis corresponding to different
eruptivevents. Amongthese, theeventsselectedforthehigh-
frequency analysis have been chosen as those of the most
populated class on the basis of their signal-to-noise ratio.
Moreover, these events are produced by a very stable source
mechanism. Indeed, they preserve the waveforms over the
years as supported by a correlation coefﬁcient greater than
0.8 (De Lauro et al., 2009b). The high-frequency energy of
the explosions is mainly concentrated in the frequency range
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1–8Hz (see, e.g. Rowe et al., 2000), but a variety of spectra
can be distinguished (De Lauro et al., 2009a). An example
of spectrogram analysis performed on a representative event
recorded at two sensors (E1S, CON), located 704m and 2km
from the lava lake, respectively, is given in Fig. 6.
4.2 Application of ICA to Erebus seismic signals
We show the results of the application of the FastICA al-
gorithm to eight high-pass ﬁltered explosion-quakes as re-
ported in De Lauro et al. (2009a). The authors considered
these events as mixtures, which are different realizations of
the same stable source mechanism. The traces were aligned
maximizing the cross-correlation function. The seismograms
relative to the same component of the motion are very sim-
ilar, while differences arise between the waveforms in the
orthogonal directions. Introducing in the same mixture ma-
trix the signals of the three directions of the motion implies
that no constriction is imposed on the polarization of the ex-
tracted components. In other words, the ICs may be more
visible in one component of the motion.
Figure 7 shows the results of PCA, indicating that 80%
of information is associated with the ﬁrst three eigenvalues,
thus providing an estimate of the number of ICs. Therefore,
the number of the mixtures guarantees that all unknown ICs
can be extracted. In line with the PCA results, three inde-
pendent signals, well-deﬁned in waveforms and spectra, have
been recognized (see Fig. 8). These signals are characterized
by a very peculiar spectral content. Indeed, their spectra are
peaked at 2Hz, 3Hz, and 4Hz, respectively. The indepen-
dent signal peaked at 2Hz displays the highest amplitude in
the ﬁrst 5s. The other ICs have a smoother behavior, but
the largest part of energy is emitted during the ﬁrst seconds.
The results of ICA are independent of the choice of the sen-
sor, and the extracted ICs can be attributed to a common
physical source mechanism inducing vibrations. De Lauro et
al. (2009a) demonstrated that for the three ICs, a clear radial
polarization with high coefﬁcients of rectilinearity is recog-
nized, indicating the propagation of body waves crossing the
seismic stations, although for the stations furthest from the
lava lake another direction is superimposed, which was in-
terpreted by the authors assuming an external source in the
direction of the polarization, or as due to local topographic
effects such as dykes, joints, etc.
In conclusion, the experimental signals associated with the
explosion-quakes at Erebus volcano in the high-frequency
bandarealinearsuperimpositionofthreecomponentsignals.
The decomposition is similar to that achieved for Stromboli
and as in that case it is possible to infer some information on
the complexity (e.g. degrees of freedom) of the underlying
dynamical system. The reconstruction of the asymptotic dy-
namics in a suitable phase space provides an estimate of the
phase-spacedimensions. Therecordedsignalsdisplayfractal
dimensions in the range of [2.8–3.2] evidencing a non-linear
behaviour of the generating system (De Lauro et al., 2009a).
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Fig. 7. PCA results: Eigenvalues relative to the signals of the
four stations composing the seismic network (from De Lauro et al.,
2009a): (a) E1S; (b) NKB; (c) CON; (d) LEH. The ﬁrst three eigen-
values retain the 84%, 80%, 86%, and 75% of information at each
respective station.
This is another analogy with the explosion-quakes at Strom-
boli (see, e.g. De Lauro et al., 2008 and references therein).
The details of the decomposition and of the estimation of the
fractal dimensions do not perfectly match for Stromboli and
Erebus, suggesting that although an overall common source
mechanism can be detected, at Erebus more complex vibrat-
ing structures are involved.
4.3 Conclusions – Erebus
The decomposition of ground vibrations by ICA has strong
analogies with the extraction of Landau modes (self-
oscillations) in the mechanical and acoustical vibration ﬁelds
in the organ pipe (De Lauro et al., 2007) as it was the case
for Stromboli. On the basis of this analogy, De Lauro et
al. (2009a) conjectured the existence of a main conduit vi-
brating in the second Landau mode with frequencies of 2 and
4Hz, localized under the lava lake. In addition, they ascribed
the 3Hz mode to another conduit near the lava lake (e.g. fu-
maroles) whose vibration is induced by the oscillations of the
main conduit in agreement with other studies (see, e.g. John-
son et al., 2008). Such a phenomenon is known as “modiﬁed
Mitnahme effect” in organ pipe literature (Abel et al., 2006):
a played pipe is sensitive to the presence of another pipe even
silent. In this conceptual scheme, this shorter conduit (3Hz)
is the silent pipe whereas the played pipe is the longer con-
duit (2 and 4Hz) under the lava lake. However, the number
and the position of seismic stations presently installed do not
allow a suitable localization of the additional conduit.
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Fig. 8. Independent signals extracted by ICA in time domain and relative frequency content considering the recordings of the two stations
closest to the lava lake (from De Lauro et al., 2009a).
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Fig. 9. An example of Colima LP events (2006/01/22h 00.13.44
vertical component).
5 Volc´ an de Colima
Volc´ andeColimaisanandesiticstratovolcanolocatedwithin
the Colima graben at the western part of the Mexican Vol-
canic Belt. It is one of the most active volcanoes of North
America and surely the most dangerous one of Mexico. It
forms with Nevado de Colima, which is older and inactive,
the Colima Volcanic Complex. Its activity is characterized
by eruptive cycles consisting of the extrusion of lava ﬂow
followed by the growth of a lava dome and its subsequent
destruction accompanied by large explosions. It shows a
wide range of eruption styles, like dome growth, lava ﬂow
accompanied by frequent small block avalanches, phreatic
explosions, explosive events and pyroclastic ﬂows (Bret´ on
Gonz´ alesetal., 2002; Luhr, 2002). Therecentactivitystarted
at the end of the 1990s and in autumn of 2004 the third
extrusive episode of this eruption began. This activity was
accompanied by intermittent explosive activity, represented
mainly by Vulcanian-style explosions, during which streams
of vapour and ash were emitted (Zobin et al., 2006). Each
Vulcanian-styleexplosionisintroducedaboutoneminutebe-
fore by a seismic event lasting about 30s and having a fre-
quency content in the range of (0.3–4)Hz (see Fig. 9). This
event has been associated with pressurization phenomena oc-
curring within the volcanic plumbing system and has been
labeled as a Long-Period (LP) event (Zobin et al., 2006; Palo
et al., 2009; De Lauro et al., 2011).
5.1 Spectral analysis
ICA has been applied to both background seismic signals
(Cusano and Palo, 2011) and 20LPs (De Lauro et al., 2011).
In all the cases, the recordings were acquired by four three-
component broad-band seismometers (Lennartz LE-3D/20s)
which have monitored Colima volcano from November 2005
to May 2006 (see the report of the survey at http://www.ov.
ingv.it/italiano/pubblicazioni/openﬁle/07 07.htm). The in-
struments were labeled as COCA, COME, COBA, COTE
Fig. 10. Position of the seismic sensors at the Colima volcano. The
black triangle indicates the crater area.
(sorted by crater-station distance, which spans the range 3.2–
14.4km, Fig. 10).
Early works on LP events (recorded by short-period seis-
mometers) indicated a predominance of frequencies in the
range [1–2]Hz (Zobin et al., 2006; Palo et al., 2009). Re-
cently, Fourier analysis of LP events recorded by broad-band
instruments showed spectra with a decreasing envelope and
sharp peaks, with the highest one at [0.4–0.5]Hz at all the
stations (Fig. 11) (De Lauro et al., 2011). The other peaks
correspond to nearly integer multiples of this common fre-
quency, which is thus interpreted as the fundamental vibra-
tion mode of a resonant structure. The frequency of the
higher modes slightly changes with the station. In details,
COCA and COME share the same spectral peaks, although
the peaks of the two highest modes are well distinguishable
only at COCA. Similarly, COBA and COTE share the same
peaks except for that of the highest mode, which is not vis-
ible at COBA. Hence, the spectra indicate the existence of
vibration modes that change depending on the distance from
the crater. A slight decrease of the frequencies moving from
the near-ﬁeld to the far-ﬁeld suggests the presence of differ-
ent resonant structures involved. In all cases, the decreasing
envelope is preserved. Actually, another peak is present at
about 0.1–0.2Hz, but it is not induced by volcanic activity
and is the effect of the oceanic microseismic noise. Indeed,
its amplitude is nearly independent of the crater-station dis-
tance.
The background seismic signal contains prevalently two
spectral peaks common to all stations, located respectively
close to 0.15Hz and 0.3Hz (Fig. 12b), with the former
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Fig. 11. Stacked power spectrum of LP events of Colima volcano at (a) COCA, (b) COME, (c) COBA, (d) COTE (from De Lauro et al.,
2011). The x-axis is in log-scale. Arrows highlight the principal peaks.
generally higher than the latter (Cusano and Palo, 2011).
Nevertheless, the amplitude of these peaks is variable and
during some time periods the latter spectral peak becomes
dominant (Fig. 12a).
5.2 Application of ICA to Colima seismic signals
De Lauro et al. (2011) have shown that the application of
PCA to LP events indicates that at most three eigenvalues
are signiﬁcant: the principal components contain from 54%
to 74% of the information depending on the station and this
quantity increases moving towards the crater.
For the application of ICA in this case, the authors con-
sider as mixture all the LP events at each station, on the basis
of the hypothesis of a non-destructive and repetitive source.
ICs extracted from the LP events are well distinguished in
time and spectral domains (Fig. 13). As the spectral proper-
ties of the LP events, the features of the ICs depend on the
crater-station distance. Indeed, COCA and COME display
similar ICs and the same happens for COBA and COTE. In
detail, the ICs in near-ﬁeld (approximately limited by the po-
sition of COME) are peaked close to 0.5Hz and 1Hz, respec-
tively (and also at 1.5Hz at COCA), whereas they are peaked
close to 0.4Hz and 0.8Hz (and 1.2Hz at COBA) in far-ﬁeld
(De Lauro et al., 2011). Thus, ICA identiﬁes ground oscil-
lations with two or three characteristic time-scales linearly
mixed in the LP events.
The polarization properties of the ICs of the LP events
conﬁrm the dependence of the seismic waveﬁeld on the dis-
tance from the crater. Indeed, in near-ﬁeld the direction of
the polarization vector of all the ICs is radial, i.e. pointing
to the crater, whereas in far-ﬁeld this direction is orthogonal.
The angle that the polarization vector forms with the NS-EW
plane in all cases is lower than 20degrees, reﬂecting shallow
ground oscillations (De Lauro et al., 2011). This complex
polarization pattern extends the results of Palo et al. (2009)
who found compressive waves for the ﬁrst 10–15s of the
LP events recorded by a short-period seismometer located
4.5km from the crater, i.e. in the near-ﬁeld whose boundary
can be ﬁxed coincident with the position of COME station
(6.9km far from the crater) or farther.
The dynamical system associated with the ICs extracted
from LP events has been reconstructed by De Lauro et
al. (2011). All ICs have fractal dimensions ranging between
1 and 2, suggesting that the basic constituents of the seis-
mic waveﬁeld are produced by deterministic and non-linear
dynamic systems of low dimensionality, which can de iden-
tiﬁed with self-sustained oscillations. The superposition of
the ICs produces the raw signals that, indeed, have a (non-
integer) dimension lower than four.
Two ICs are extracted from the background signal re-
taining about the 60% of the information (Cusano and
Palo, 2011). They are nearly monochromatic signals with
frequency peaks respectively at about 0.15Hz and 0.3Hz,
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Fig. 13. Independent components of Colima LP events in time and frequency domain at the four stations (COCA (a), COBA (b), COME (c),
COTE (d)). Figure extracted from De Lauro et al. (2011).
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Fig. 14. Independent components of the Colima background seismic signal in time (a, c) and frequency (b, d) domain (from Cusano and
Palo, 2011).
suggesting that the spectral content of the background seis-
mic signal is the effect of the superposition of independent
signals (Fig. 14). The amplitude of the ICs is variable and
mainly follows the behavior of the two principal spectral
peaks. In detail, the IC peaked at 0.15Hz is generally more
energetic, except for a time interval of about 20 days when
this behavior is reversed.
Waveﬁeld reconstruction of the two ICs of the background
signal indicates a strong inﬂuence of the oceanic microseis-
mic noise. Indeed, in the far-ﬁeld both ICs are mainly com-
posed of shallow waves incoming from the SW direction, i.e.
from the Paciﬁc Ocean coast. On the other hand, in the near-
ﬁeld there is also an imprint of volcanic tremor on the IC
peaked at 0.3Hz that induces waves coming from the crater
area and a polarization vector pointing towards the crater.
5.3 Conclusions – Colima
De Lauro et al. (2011) indicate that LP events of Colima vol-
cano are the superposition of a few basic constituents that are
non-linear signals produced by dynamical systems of low di-
mensionality identiﬁed with self-sustained oscillators. Given
the nearly integer ratios between the mean frequencies of the
ICs and of the main spectral peaks, these basic constituents
are interpreted as the vibration modes of a suitable volcanic
structure, whose fundamental mode is peaked at about 0.4–
0.5Hz. Moreover, the frequency and the energy of the modes
(which, in a ﬁrst approximation, can be estimated from the
power spectra) suggest a very simple geometry of the struc-
ture. Indeed, monotonically decreasing spectra are associ-
ated with vibrations of cylindrically-symmetric cavities in-
teracting with a ﬂuid ﬂow. In this framework, the frequency
of the lowest mode can be used to estimate the linear dimen-
sions of the vibrating structure (eventually coincident with
the principal conduit). Indeed, within the approximation of
linear resonance and adopting a standing-wave velocity of
∼1kms−1, the authors estimate a length of ∼1km (using
0.5Hz as the frequency of the lowest mode and considering
anopen-endsvibrating structure), inline withotherestimates
of the source position (Petrosino et al., 2011).
On the basis of the pattern of polarization and ICA results,
De Lauro et al. (2011) propose the existence of a branched
plumbing system consisting of two main (approximately
cylindric) conduits directed along quasi-orthogonal direc-
tions. In detail, the principal (vertical) conduit at suitable
height (∼1km) would appear separated in a sub-horizontal
side branch directed along the North-West/South-East direc-
tion, in which magma intrusion generates wall oscillations
directed transversally with respect to the crater area. The di-
rection of this hypothesized structure is coincident with the
main direction of the extensional axis of the stress ﬁeld of the
area, which, in turn, individuates the direction along which
the Colima volcano complex has experienced gravitational
collapses (Gardu˜ no-Monroy et al., 1998). A similar structure
has also been conjectured by Dom´ ınguez et al. (2001), who
imaged a branched plumbing system induced by crack prop-
agation. A branched plumbing system can also explain the
particular ejective nature of Vulcanian and ash-free events of
Volc´ an de Colima, characterized by a seismic phase with-
out emission followed within few tens of seconds by the real
eruption. In the background signal, two different sources in
the independent component at 0.3Hz coexist in near-ﬁeld:
the volcanic source signal is more evident whenever the en-
ergy of the independent component peaked at 0.15Hz de-
creases, that is when the intensity of the microseismic noise
lowers allowing the emergence of a low-energy volcanic sig-
nal (Cusano and Palo, 2011).
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6 Discussion
For all three volcanoes ICA decomposition allows to recog-
nize that seismological signals are self-coherent oscillations.
Of course, the characteristic vibration time scales depend on
the local geometry of the volcanic ediﬁce and rheological
properties.
The seismic waveﬁeld reconstruction by means of non-
linear techniques allows to depict a common framework for
the explosive mechanisms of low- and medium-energy and
repetitive eruptive volcanism, independently of the nature
of the magma involved. Indeed, also at the andesitic Col-
ima volcano, explosive eruptions are an enhancement of the
magma-gas mixture ﬂux arising along the conduit, whereas
in the basic state the permanent degassing is responsible for
the volcanic tremor, as occurs for basaltic volcanoes.
In all cases, the seismic signals are a direct effect of the in-
teraction between the magma-gas ﬂux and the conduit, which
induces a coherent vibration of the rock in the form of a su-
perposition of non-linear vibration modes. Hence, the suit-
able decomposition of the seismic waveﬁeld of active volca-
noes throws light on the geometry of the plumbing systems
and on the excitation mechanisms. In this scheme, volcanic
tremor and explosive events are both the vibrations of a suit-
able volcanic cavity, but they are effects of magmatic ﬂuid
jets of different intensities.
The principal distinction between the basaltic and an-
desiticcases canbeidentiﬁed inthedifferenceof themagma-
gas ﬂux between the basic state and the explosive events. In
other words, the high viscosity of the andesitic magmas re-
duces the permanent degassing, thus producing a low-energy
volcanic signal (volcanic tremor) and inhibiting higher vi-
bration modes, whereas the explosions are induced by strong
emission of magmatic ﬂuids, whose ascent along the conduit
produces Vulcanian-style eruptions and the excitation of sev-
eral vibration modes.
On the other hand, in the Strombolian-like regime, the
permanent gas ﬂux is of the same order of magnitude as that
during the explosions. It means that the ﬂux of dispersed
gas particles exsolving and arising in the magma (inducing
the tremor) and the ﬂux of coherent gas slugs (inducing
the explosions) have similar magnitude. Such comparable
ﬂuxes imply a very similar seismic waveﬁeld for volcanic
tremor and explosions, with the only difference in amplitude.
Edited by: R. Donner
Reviewed by: J. Heitzig and three other anonymous referees
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